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STABILIZED LACCASE ENZYME AND
METHODS OF MAKING AND USING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the U.S. National Stage filing under 35

U.S.C. §371 of PCT/IB2013/055396 with international fil-
ing date of Jul. 1, 2013, which claims the benefit of Indian
Patent Application No. 754/KOL/2012, filed on Jul. 9, 2012,
the entire contents of which are incorporated herein by
reference in their entirety.

SEQUENCE LISTING

The 1nstant application contains a Sequence Listing which
has been submitted 1n ASCII format via EFS-Web and 1s
hereby 1ncorporated by reference 1n its entirety. Said ASCII
copy, created on Jun. 18, 2012, 1s named 91619707.txt and
1s 38,549 bytes 1n size.

BACKGROUND

Laccase (benzenediol: oxygen oxidoreductase; EC
1.10.3.2), 1s one of the extracellular glycoprotein enzymes
expressed by microorganisms that degrade lignocellulosic
material. The laccase molecule 1s a dimeric or tetrameric
glycoprotein, which usually contains four copper atoms per
monomer distributed 1n three redox sites. This enzyme
catalyzes the oxidation of ortho and paradiphenols, amino-
phenols, polyphenols, polyamines, lignins and aryl
diamines, as well as some 1norganic 1ons coupled to the
reduction of molecular dioxygen to water. Typically, laccase
acts on phenolic substrates by catalyzing the oxidation of
theirr phenolic hydroxyl groups to phenoxy radicals while
dioxygen (O,) 1s reduced to water.

SUMMARY

The foregoing summary 1s 1llustrative only and 1s not
intended to be i1n any way limiting. In addition to the
illustrative aspects, embodiments, and features described
above, further aspects, embodiments, and {features will
become apparent by reference to the following detailed
description.

Provided herein are compositions and methods related to
laccase enzymes having enhanced activity, hali-life, and/or
thermal stability, and/or decreased pH dependency.

In some aspects, a composition 1s provided. In some
embodiments, the composition includes at least one nano-
particle comprising cuprous oxide and at least one laccase
enzyme 1n contact with the nanoparticle comprising cuprous
oxide i which the enzyme 1s not immobilized on the
nanoparticle.

In some embodiments, the composition includes at least
one nanoparticle comprising magnesium chloride, manga-
nese chloride, or calcium chloride and at least one laccase
enzyme 1n contact with the nanoparticle comprising mag-
nesium chloride, manganese chloride, or calctum chloride in
which the enzyme 1s not immobilized on the nanoparticle.

In some aspects, methods of making a stabilized enzyme
composition are provided. In some embodiments, the meth-
ods include: combining to form a mixture: a) a plurality of
nanoparticles comprising cuprous oxide; and b) a laccase
enzyme; under conditions 1n which the enzyme 1s 1n contact
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2

with the nanoparticle comprising cuprous oxide in which the
enzyme 1s not immobilized on the nanoparticle.

In some embodiments, the methods include: combining to
form a mixture: a) a plurality of nanoparticles comprising
magnesium chloride, manganese chloride, or calcium chlo-
ride; and b) a laccase enzyme; under conditions 1n which the
enzyme 1s 1n contact with the nanoparticle comprising
magnesium chloride, manganese chloride, or calcium chlo-
ride in which the enzyme 1s not immobilized on the nano-
particle.

In some aspects, provided herein are methods of treating
a substrate. In some embodiments, the method includes
contacting the substrate with a composition including: 1) at
least one nanoparticle, comprising cuprous oxide; and 11) a
laccase enzyme in contact with the nanoparticle comprising
cuprous oxide 1n which the enzyme 1s not immobilized on
the nanoparticle.

In some embodiments, the method includes contacting the
substrate with a composition including: 1) at least one
nanoparticle, comprising magnesium chloride, manganese
chloride, or calcium chloride; and 11) a laccase enzyme 1n
contact with the nanoparticle comprising magnestum chlo-
ride, manganese chloride, or calctum chloride in which the
enzyme 1s not immobilized on the nanoparticle.

In some aspects, kits are provided. In some embodiments,
the kit includes 1) at least one nanoparticles comprising
cuprous oxide, 11) a laccase enzyme, in which the enzyme 1s
not immobilized on the nanoparticle. In some embodiments,
the kit includes 1) at least one nanoparticles comprising
magnesium chloride, manganese chloride, or calcium chlo-
ride, 11) a laccase enzyme, in which the enzyme i1s not
immobilized on the nanoparticle. In some embodiments, the
kits may further include instructions for combining the
enzyme and the nanoparticles to form an enzyme composi-
tion. In some embodiments, the kits may further include
instructions for using the composition.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram showing exemplary use of
the compositions of the present technology comprising a
laccase enzyme and nanoparticles comprising cuprous oxide
in the degradation of lignocellulosic materials and the sub-
sequent use of the degradation products.

FIGS. 2(a)-(b) show an Arrhenius plot for heat activation
for nanoparticle comprising cuprous oxide untreated (FIG.
2(a)) and treated (FI1G. 2(b)) laccase.

FIGS. 3(a)-(b) illustrate the results of a comparative study
ol a laccase activity assay of laccase enzyme treated (FIG.
3(a)) and untreated (FIG. 3(b)) with nanoparticles compris-
ing cuprous oxide over increasing temperature 30° C.-100°
C.

FIGS. 4(a)-(b) illustrate the pH dependence of laccase
enzyme treated (FIG. 4a) and untreated (FIG. 4b5) with
nanoparticles comprising cuprous oxide.

FIGS. 5(a)-(b) 1llustrate the results of a comparative study
of a laccase activity assay with (FIG. 5(a)) and without (FIG.
5(b)) nanoparticles comprising cuprous oxide over icreas-
ing time at 80° C.

FIGS. 6(a)-(e) 1llustrate the results of a comparative study
of dye decolornization with laccase enzyme; (a) CR-Congo
red, (b) CB-Cotton blue, (¢) BB-Bromophenol blue, (d)
MG-Malachite green and (e¢) MO-Methyl orange with nano-
particles treated and untreated laccase enzyme. For each of
FIGS. 6(a)-(e), the dotted line represents the no enzyme
control; the dashed line represents enzyme without nano-
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particle treatment; the solid line represents enzyme treated
with nanoparticles comprising cuprous oxide.

FIGS. 7(a)-(d) 1llustrate the results of a time kinetic study
for dye decolorization using laccase enzyme 1n the presence
ol nanoparticles comprising cuprous oxide; (a) CR-Congo
red, (b) CB-Cotton blue, (¢) BB-Bromophenol blue and (d)
MG-Malachite green.

FIG. 8 illustrates dye decolorization by purified bacterial
laccase treated with nanoparticles comprising cuprous
oxide.

FIGS. 9(a)-(b) show bio-bleaching of ramie fiber by
laccase enzyme untreated (a) and treated (b) with nanopar-
ticle comprising cuprous oxide.

FI1G. 10 illustrates relative activities of laccase enzyme in
the presence of cupric sulfate, magnestum chloride, manga-
nese chloride, calcium chloride, cobalt chloride, ferric chlo-
ride, sodium fluoride and sodium cyanide.

FI1G. 11 illustrates the relative activities of laccase enzyme
treated and untreated with nanoparticles comprising cuprous
oxide, in the presence ol increasing concentrations of a
detergent.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part hereof. In
the drawings, similar symbols typically identily similar
components, unless context dictates otherwise. The 1llustra-
tive embodiments described i1n the detailed description,
drawings, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be
made, without departing from the spirit or scope of the
subject matter presented here.

Disclosed herein are compositions and methods related to
the manufacture and use of stabilized laccase enzymes. In
some embodiments, the enzyme compositions and methods
disclosed herein include (1) laccase enzyme; and (2) at least
one nanoparticle comprising cuprous oxide, wherein the
enzyme 1s not immobilized on the nanoparticle. Typically,
the nanoparticle comprising cuprous oxide 1s 1n contact with
the enzyme.

In some embodiments, the composition includes at least
one nanoparticle comprising magnesium chloride, manga-
nese chloride, or calcium chloride and at least one laccase
enzyme 1n contact with the nanoparticle comprising mag-
nesium chloride, manganese chloride, or calctum chloride in
which the enzyme 1s not immobilized on the nanoparticle.

For the purposes of this disclosure and unless otherwise
specified, “a” or “an” means “one or more.”

As used herein, “about” will be understood by persons of
ordinary skill in the art and will vary to some extent
depending upon the context in which 1t 1s used. If there are
uses of the term which are not clear to persons of ordinary
skill 1n the art, given the context in which 1t 1s used, “about”
will mean up to plus or minus 10% of the particular term.

As used herein a “treated” laccase enzyme refers to
laccase enzyme that 1s mixed with, incubated with, 1n
contact with, or that has been contacted with, a nanoparticle
comprising cuprous oxide, magnestum chloride, manganese
chloride, or calcium chloride. In some embodiments, the
enzyme 1s 1n contact with at least a portion of at least one
nanoparticle. Additionally or alternatively, 1n some embodi-
ments, the enzyme 1s in contact with the nanoparticle; or
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride; or both. The contact can be by various
mechanisms, such as by hydrogen bonding, van der waals

force, etc.

10

15

20

25

30

35

40

45

50

55

60

65

4

As used here in “substrate” in the context of laccase
enzyme refers to a molecule or a group of molecules upon
which an enzyme acts. Enzymes catalyze chemical reactions
involving the substrate(s). The substrate binds with the
laccase enzyme active site, and an enzyme-substrate com-
plex 1s formed. The substrate 1s transformed 1nto one or more
products, which are then released from the active site.

In some embodiments, the substrate comprises a phenolic
hydroxyl group. In some embodiments, the substrate com-
prises an azo group. In some embodiments, the substrate
comprises syringaldazine, congo red, cotton blue, bro-
mophenol blue, malachite green. In some embodiments, the
substrate comprises ortho and/or paradiphenols, aminophe-
nols, polyphenols, polyamines, lignins and/or aryl diamines.
In some embodiments, the substrate comprises a textile,
wool, biocomposite, wastewater, paper, wood pulp, soil,
ammal feed, food, beverage, herbicide, pesticide, dye, pig-
ment, or combinations thereof. In some embodiments, the
substrate comprises wood pulp comprising lignin.

As used herein the term “enhanced activity” or “increased
activity” 1n the context of laccase enzyme refers to an
enhanced or increased number of moles of substrate con-
verted per unit time for a laccase enzyme treated with
nanoparticles comprising cuprous oxide, magnesium chlo-
ride, manganese chloride, or calctum chloride as compared
to a laccase enzyme that 1s not treated with such nanopar-
ticles.

In some embodiments, the enhanced activity or increased
activity ol a laccase enzyme refers to an increase in the
maximum reaction velocity (V_ ), and/or an increase in
turnover number 1.e., the number of substrate molecule each
enzyme site converts to product per unit time, and/or an
increase 1n substrate afhnity for example, decrease 1n
Michaelis Constant (K, ). In some embodiments, the
enhanced activity or increased activity of a laccase enzyme
refers to a decrease 1n the activation energy (E ).

As used herein “enhanced half life” or *“increased half
life” 1n the context of laccase enzyme refers to enhancement
or increase 1n the amount of time the laccase enzyme can
retain 50% of 1ts activity as compared to the enzyme activity
at a reference temperature.

In some embodiments, an eclevated temperature 1n the
context of laccase enzyme (for example, for laccase enzyme
activity) can be from about 40° C. to about 120° C., from
about 50° C. to about 110° C., or from about 50° C. to about
100° C. In some embodiments, an elevated temperature 1n
the context of laccase enzyme can be about 40° C., 42° C.,
45° C., 50° C., 55° C., 60° C,, 65° C,, 70° C.,, 75° C., 80°
C., 85° C., 90° C., 953° C,, 100° C., 105° C., 110° C., or
ranges between any two of these values. In some embodi-
ments, a reference temperature in the context of laccase
enzyme can be from about 20° C. to about 60° C., or from
about 30° C. to about 50° C., from about 40° C. to about 50°
C. In some embodiments, the reference temperature 1n the
context of laccase enzyme can be about 20° C., 25° C., 30°
C.,35°C.,37°C.,40°C.,42°C.,45°C.,47° C.,48° C., 50°
C., or ranges between any two of these values.

As used herein “enhanced thermal stability” or “increased
thermal stability” in the context of laccase enzyme refers to
enhancement or increase in structural and functional integ-
rity, at a given temperature, of laccase enzyme treated with
nanoparticles comprising cuprous oxide, magnesium chlo-
ride, manganese chloride, or calctum chloride as compared
to a laccase enzyme that 1s not treated with such nanopar-
ticles.

In some embodiments, the terms enhanced thermal sta-
bility or increased thermal stability refers to increased
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resistance to heat denaturation of the laccase enzyme. In
some embodiments, the terms enhanced thermal stability or
increased thermal stability indicates that the laccase enzyme
(for example, a laccase enzyme treated with nanoparticles
comprising cuprous oxide, magnestum chloride, manganese
chloride, or calcium chloride) has an enhanced half life or an
increased half life at a given temperature (for example, as
compared to an untreated laccase enzyme). In some embodi-
ments, the terms enhanced thermal stability or increased
thermal stability refers to increase 1n the deactivation energy
(E ) of laccase enzyme treated with nanoparticles compris-
ing cuprous oxide as compared to a laccase enzyme that 1s
not treated with such nanoparticles.

In some embodiments, the terms enhanced thermal sta-
bility or increased thermal stability of laccase enzyme can be
determined at a temperature range from about 40° C. to
about 120° C., from about 50° C. to about 110° C., or from
about 50° C. to about 100° C. In some embodiments, the
clevated temperature 1n the context of laccase enzyme can
be about 40° C., 42° C., 45° C., 50° C., 35° C., 60° C., 65°
C.,70°C., 75° C., 80°C., 85° C.,90° C., 95° C., 100° C.,
1053° C., 110° C., or ranges between any two of these values.
In some embodiments, the thermal stability of laccase
enzyme can be determined at a temperature from about 20°
C. to about 60° C., or from about 30° C. to about 50° C.,
from about 40° C. to about 50° C. In some embodiments, the
reference temperature in the context of laccase enzyme can
be about 20° C., 25° C., 30° C., 35° C,, 37° C., 40° C,, 42°
C.,45°C.,47°C.,48° C., 50° C., or ranges between any two
of these values.

As used herein, “decreased pH dependency” in the con-
text of laccase enzyme refers to the characteristic of an
enzyme (for example, a laccase enzyme treated with nano-
particles comprising cuprous oxide, magnesium chloride,
manganese chloride, or calcium chloride) to exhibit greater
activity at a given pH than a comparable enzyme (for
example, an untreated laccase enzyme). In some embodi-
ments, an enzyme exhibiting a decreased pH dependency
(for example, a treated laccase enzyme) retains 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90% or 100% of 1ts
activity at a given pH, while an enzyme that does not exhibit
decreased pH dependency (for example, a “control” or
untreated enzyme) exhibits a lower % activity at the same
pH. In some embodiments, an enzyme exhibiting a
decreased pH dependency includes a laccase enzyme which
retains 50% of 1ts activity when treated with nanoparticles
comprising cuprous oxide, magnestum chloride, manganese
chloride, or calctum chloride at a pH range from about 2-13,
from about 3-13, from about 3-11, or from about 3-10. In
some embodiments, an enzyme exhibiting a decreased pH
dependency includes a laccase enzyme which retains 50% of
its activity when treated with nanoparticles comprising
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride at a pH of about 2, about pH 3, about pH
4, about pH 5, about pH 6, about pH 7, about pH 8, about
pH 9, about pH 10, about pH 11, about pH 12, or about pH
13.

In some embodiments, a reference pH value 1in the context
of laccase enzyme activity can be about pH 7, pH 8, pH 9,
or pH 10.

As used herein, “stabilized” in the context of laccase
enzyme refers to a laccase enzyme having one or more of
enhanced activity or increased activity; enhanced activity or
increased activity at increased or elevated temperature,
enhanced thermal stability or increased thermal stability;
enhanced half life or increased half life; and/or decreased pH
dependency.
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I. Nanoparticles

The nanoparticles provided 1n several 1llustrative embodi-
ments described herein refer to any particle in which the
largest dimension 1s 1n the nanometer range, and/or 1n the
instance wherein the composition contains a plurality of
nanoparticles, the dimension described herein can refer to an
average of the individual dimensions of the plurality of the
nanoparticles. For example, in some embodiments, the
nanoparticle has a largest dimension that 1s less than 1000
nm, for example, about 999 nm, about 900 nm, about 800
nm, about 700 nm, about 600 nm, about 500 nm, about 400
nm, about 350 nm, about 300 nm, about 200 nm, about 100
nm, or ranges between any two of these values. Additionally
or alternatively, 1n some embodiments, the largest dimension
of the nanoparticle 1s, for example, about 100 nm, and 1n
further examples, about 90 nm, about 80 nm, about 70 nm,
about 60 nm, about 50 nm, about 25 nm, about 20 nm, about
10 nm, about S nm, about 3 nm, about 2 nm, about 1 nm or
less, or ranges between any two of these values.

As noted above, the dimension can refer to, for example,
the largest dimension of the particle. Additionally or alter-
natively, the dimension can refer to the smallest dimension
of the particle. The particle can have any shape. For
example, the nanoparticles 1n some embodiments can refer
to particles that are at least substantially spherical. Addi-
tionally or alternatively, nanoparticles can have a shape that
1s an ellipsoid, cube, cylindrical, or an irregular shape.
Depending on the shape, the dimension described herein can
refer to any of diameter, radius, width, length, height,
diagonal, and the like. Also, 1n the instance wherein the
composition contains a plurality of nanoparticles, the dimen-
sion described herein can refer to an average of the indi-
vidual dimensions of the plurality of the nanoparticles. For
example, in some embodiments, the average of the indi-
vidual dimensions of the plurality of nanoparticles 1s about
1000 nm, about 999 nm, about 9200 nm, about 800 nm, about
700 nm, about 600 nm, about 500 nm, about 400 nm, about
300 nm, about 200 nm, about 100 nm, or ranges between any
two of these values. Additionally or alternatively, in some
embodiments, the average of the individual dimensions of
the plurality of nanoparticles 1s, for example, about 100 nm,
about 90 nm, about 80 nm, about 70 nm, about 60 nm, about
50 nm, about 25 nm, about 20 nm, about 10 nm, about 5 nm,
about 3 nm, about 2 nm, about 1 nm, or ranges between any
two of these values.

In some embodiments, the nanoparticle has a shape that 1s
at substantially spherical and a diameter of about 2 nm to

about 500 nm, about 10 nm to about 500 nm, about 25 nm
to about 500 nm, about 50 nm to about 400 nm, about 100
nm to about 400 nm, about 80 nm to about 100 nm.

In some embodiments, the nanoparticles comprise
cuprous oxide. In some embodiments, the nanoparticles
comprise magnesium chloride, manganese chloride, or cal-
cium chlorde.

II. Enzyme

In some embodiments provided herein, at least one lac-
case enzyme 1n contact with or treated with a nanoparticle
comprising cuprous oxide, magnesium chloride, manganese
chloride, or calcium chloride 1n which the enzyme is not
immobilized on the nanoparticle.

In some embodiments, the laccase enzyme 1s provided as
a composition. In some embodiments, the laccase enzyme 1n
the composition that 1s 1n contact with or treated with a
nanoparticle comprising cuprous oxide, magnesium chlo-
ride, manganese chloride, or calcium chloride 1s more sta-
bilized as compared to the same enzyme not treated with or
not i contact with a nanoparticle comprising cuprous oxide,
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magnesium chloride, manganese chloride, or calcium chlo-
ride. In some embodiments, the enzyme 1n the composition
exhibits an increased activity towards a substrate, 1s more
thermostable, has an increased activity at a higher tempera-
ture, has a longer hali-life, and/or decreased pH dependency
as compared to the same enzyme that 1s not 1n contact with
the nanoparticle comprising cuprous oxide, magnesium
chlornide, manganese chloride, or calcium chlonde.

In some embodiments, the enzyme in the composition
exhibits an increased activity towards a substrate as com-
pared to the same enzyme that 1s not 1 contact with or
treated with the nanoparticle comprising cuprous oxide,
magnesium chloride, manganese chloride, or calcium chlo-
ride.

Additionally or alternatively, in some embodiments, the
laccase enzyme 1n the composition 1s more thermostable as
compared to the same enzyme that 1s not 1n contact with the
nanoparticle comprising cuprous oxide, magnesium chlo-
ride, manganese chloride, or calcium chloride. Additionally
or alternatively, in some embodiments, the laccase enzyme
in the composition has an increased activity at a higher
temperature as compared to the same enzyme that 1s not in
contact with or treated with the nanoparticle comprising
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride. In some embodiments, the laccase enzyme
in the composition has an increased activity at a higher
temperature and 1s more thermostable as compared to the
same enzyme that 1s not 1n contact with or treated with the
nanoparticle comprising cuprous oxide, magnesium chlo-
ride, manganese chlornide, or calcium chloride. In some
embodiments, the laccase enzyme 1n the composition has an
increased activity at a temperature of about 70° C. to about
100° C. as compared to the same enzyme that 1s not 1n
contact with or treated with the nanoparticle comprising
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride. In some embodiments, the laccase enzyme
in the composition has an increased activity at a temperature
of about 70° C. to about 100° C. and 1s more thermostable
as compared to the same enzyme that i1s not 1n contact with
the nanoparticle comprising cuprous oxide, magnesium
chlonide, manganese chloride, or calcium chloride.

In some embodiments, the enzyme 1n the composition has
a longer half-life as compared to the same enzyme that 1s not
in contact with or treated with the nanoparticle comprising
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride.

In some embodiments, the enzyme 1n the composition has
a decreased pH dependency as compared to the same
enzyme that 1s not in contact with or treated with the
nanoparticle comprising cuprous oxide, magnesium chlo-
ride, manganese chloride, or calcium chloride. In some
embodiments, the enzyme 1n the composition can act on a
substrate at pH 3-12. In some embodiments, the enzyme 1n
the composition can act on a substrate at pH 8-10.

In some embodiments, the laccase enzyme in the com-
position 1s a copper-containing oxidase enzyme that can be
found in many plants, fungi, and microorganisms. Typically,
laccase enzymes catalyze the oxidation of wide variety of
organic and 1norganic substrates. Non-limiting examples of
such substrates include: mono-, di-, poly phenols, amino
phenols, amino phenols, methoxy phenols, aromatic amines,
ascorbates.

In some embodiments, the substrate comprises an azo
group. In some embodiments, the substrate comprises syrin-
galdazine, congo red, cotton blue, bromophenol blue, mala-
chite green, methyl orange or substrates comprising ortho
and paradiphenols, aminophenols, polyphenols, polyamines,
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lignins and/or aryl diamines. In some embodiments, the
substrate comprises a textile, wool, biocomposite, wastewa-
ter, paper, wood pulp, soil, amimal feed, food, beverage,
herbicide, pesticide, dye, pigment or combinations thereof.
In some embodiments, the substrate comprises wood pulp
comprising lignin.

The compositions of the present technology (for example,
laccase enzymes in contact with nanoparticles comprising
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride) are useful 1n the transformation of a wide
variety ol phenolic compounds including, without limita-
tion, polymeric lignin and humic substances. Additionally or
alternatively, 1n some embodiments, the composition 1is
usetul for the transformation or immobilization of xenobi-
otic compounds.

The laccase enzymes of the present technology can be
derived from a variety of bacterial, fungal or recombinant
sources. In some embodiments, the enzyme 1s derived from
one or more of Escherichia coli AKL2, Pseudomonas mar-
ginalis, Azospirvillum lipoferum, Streptomyces sp., Rhus ver-
nicifera, Mycobacterium tuberculosis, Escherichia coli,
Caulobacter crescentus, Pseudomonas syringae, Bordetella
pertussis, Xanthomonas campestris, Pseudomonas aerugi-
nosa, Mycobacterium avium, Pseudomonas putida, Rhodo-
bacter capsulatus, Yersinia pestis, Campyvlobacter jejuni,
Aguifex aeolicus, Physisporinus rivulosus, Melanocarpus
albomyces, Agaricus blazei, Trametes versicoloy, Pycnopo-
rus sanguineus, and/or Basidiomycota sp.

Additionally or alternatively, 1n some embodiments, the
enzyme 1s purilied from Escherichia coli AKL2, Pseudomo-
nas marginalis, Azospirillum lipoferum, Streptomyces sp.,
Rhus vernicifera, Mycobacterium tuberculosis, Escherichia
coli, Caulobacter crescentus, Pseudomonas syringae, Bor-
detella pertussis, Xanthomonas campestris, Pseudomonas
aeruginosa, Mycobacterium avium, Pseudomonas putida,
Rhodobacter capsulatus, Yersinia pestis, Campylobacter

Jejuni, Aquifex aeolicus, Physisporinus vivulosus, Melano-

carpus albomyces, Agaricus blazei, Trametes versicolor,
Pycnoporus sanguineus, and/or Basidiomycota sp.

In some embodiments, laccase 1s secreted into the culture
media by one or more of the above microorganisms and the
enzyme 1s purified from the culture media comprising
secreted laccase. In one embodiment, laccase 1s secreted 1nto
the culture media by FEscherichia coli AKL2, and the
enzyme 1s purified from the media. Nucleic acid sequence of
Escherichia coli AKL?2 1s deposited in GenBank (Accession
No. JQ965012).

Exemplary amino acid sequences of laccase enzyme
include but are not limited to the enzyme from Trametes

versicolor (GenBank Accession Number: CAA77015),
Basidiomycete PMI1 (GenBank Accession Number:
CAA’78144), Lscherichia coli Laccase CueO (GenBank
Accession Number: 2FQG_A, 2FQF_A, 2FQE_A),
Escherichia coli W multicopper oxidase (laccase) (GenBank
Accession Number: ADT73670), Streptomyces sp. C1 (Gen-
Bank Accession Number: AEP17492), Streptomyces griseus
XylebKG-1 Multi-copper polyphenol oxidoreductase, lac-
case (GenBank Accession Number: EGE45048). Exemplary
amino acid sequences of laccase enzyme from various
sources are listed as SEQ ID NOs: 4, 6, 8, 10, 12, 14, 16; and
their corresponding nucleic acid sequences are listed as SEQ
ID NOs: 35,7, 9, 11, 13, 13, and 17, respectively.

In some embodiments, the enzyme can be an enzyme 1n
a natural form (for example, native enzyme) or a synthetic
form, such as a recombinant enzyme. Additionally or alter-
natively, in some embodiments, the enzyme 1s recombi-
nantly modified to comprise a non-heterologous peptide tag.
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Exemplary non-heterologous peptide tags include but are
not limited to (His), tag, glutathione-S-transterase tag
(GST), peptide fragments of human proto-oncoprotein MY C
(for example, N-ILKKATAYIL-C(SEQ ID NO: 1),
N-EQKLISEEDL-C (SEQ 1D NO: 2)), peptide fragments of
influenza protemn haemagglutimn (HA) for example,
N-YPYDVP-C (SEQ ID NO: 3).

In some embodiments, the laccase enzyme can be purified
from Pseudomonas marginalis. For example, 1n one non-
limiting example, the Pseudomonas marginalis bacteria was
isolated from termite soil. Bacterial laccase enzyme was
purified from the bacteria by two consecutive processes.
First, by 1on exchange chromatography (CM Sepharose) was
employed. Second, gel filtration chromatography (Sephadex
(G-75) was used to further purity the enzyme. The purified
enzymes are then treated with nanoparticles comprising
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride, resulting in a treated enzyme composition
with enhanced activity, thermostability and a decreased pH
dependence. The treated enzyme composition can then be
used to treat various substrates.

In some embodiments, the laccase enzyme can be purified
trom Escherichia coli. In one example, laccase was purified
from a 100-ml E. coli culture in Luria broth. Cell-free
supernatant was mixed with 10 ml CM-Sepharose pre-
equilibrated with Tris-HCI bufler (25 mM, pH 8) and kept at
4° C. overnight. After leaving the mixture overnight, 10 ml
of the mixture was loaded onto a column (10 ml bed
volume). Bound compounds were eluted with Tris-HCI
butfler (25 mM, pH 8) containing 0-1 M NaCl. Fractions of
1 ml were collected and those showing laccase activity were
concentrated using a Macrosep 10 K unit and loaded onto a
glass column packed with Sephadex G-735 (bed volume 30
ml) and equilibrated with the same Tris-HCI bufler. Elution
ol the proteins was done using Tris-HCI bufler (25 mM, pH
8). The eluted proteins were analyzed by 12% SDS poly-
acrylamide gel electrophoresis (PAGE). Protein markers and
protein bands were stained by silver staining.

In some embodiments, reactions with laccase enzyme of
the present technology (for example, laccase enzyme treated
with nanoparticle comprising cuprous oxide, magnesium
chlonide, manganese chloride, or calcium chloride) can be
carried out at a temperature from about 30° C. to about 120°
C., from about 40° C. to about 110° C., from about 40° C.
to about 100° C., from about 50° C. to about 100° C., from
about 50° C. to about 90° C. In some embodiments, the
reactions with laccase enzyme of the present technology can
be carried out at a temperature of about: 40° C., 50° C., 53°
C.,60°C.,65°C.,70°C.,75°C.,80°C.,85°C.,90°C., 95°
C., 100° C., 105° C., 110° C., or ranges between any two of
these values.

In some embodiments, the reactions with laccase enzyme
of the present technology (for example, laccase enzyme
treated with nanoparticle comprising cuprous oxide, mag-
nesium chloride, manganese chloride, or calcium chloride)
can be carried out at pH: from about 3 to about 12, from
about 6 to about 12, from about 8 to about 10. In some
embodiments, the reactions with laccase enzyme of the
present technology can be carried out at pH of about: 3, 4,
5,6,7,8,9,10, 11, 12, or ranges between any two of these
values. In some embodiments, the reactions with laccase
enzyme can be carried out at pH of about 9.

In some embodiments, the concentration of cuprous ion or
nanoparticles 1 the composition comprising at least one
laccase enzyme 1n contact with a nanoparticle comprising
cuprous oxide 1s from about 0.05 mM to about 0.15 mM. In
some embodiments, the concentration of cuprous 1on or

5

10

15

20

25

30

35

40

45

50

55

60

65

10

nanoparticles i the composition comprising at least one
laccase enzyme 1n contact with a nanoparticle comprising
cuprous oxide 1s 0.1 mM.
III. Measuring Laccase Enzyme Activity

Laccase enzyme activity can be measured by any readily
available technique. For example, 1n some embodiments,
laccase activity can be measured spectrophotometrically
using exemplary substrates such as 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid) or ABTS, syringaldazine,
2,6-dimethoxyphenol, and/or dimethyl-p-phenylenedi-
amine. Additionally or alternatively, in some embodiments,
laccase activity can also be monitored with an oxygen
sensor, as the oxidation of the substrate 1s paired with the
reduction of oxygen to water. Exemplary method of purify-
ing and assaying the laccase enzyme 1s disclosed by Dia-
mantidis et al., (Purification and characterization of the first
bactenial laccase 1n the rhizospheric bactertum Azospirillum
lipoferum. Soil Biology & Biochemistry 2000; 32: 919-927.

In some embodiments, laccase enzyme activity 1s mea-
sured using syringaldazine assay. In an exemplary reaction,
appropriate dilution of 1 ml supernatant 1s added to 3 ml of
25 mM Tris-HCI bufler, pH: 8.5, and then 2 ml substrate
syringaldazine (solution in methanol and 1:2 dilution by
Dioxan) 1s added to make a total assay system of 5 ml. The
change 1n color from straw yellow to dark pink or violet
indicates laccase activity. The reaction 1s typically moni-
tored by measuring the absorbance at 525 nm. Additionally
or alternatively, 1n some embodiments, laccase activity can
be characterized by kinetic parameters, including K .V _ |
and the activation energy, as described below. In some
embodiments, the enzyme activity can be determined by the
bleaching of ramie fiber. For example, 1n some embodi-
ments, a piece ol ramie fiber 1s incubated 1n a laccase
secreting bacterial culture medium for a fixed amount of
time, for example, for 48 hours, and the enzyme activity 1s
determined by the degree of bleaching.
IV. Treatment of Enzymes with Nanoparticles Comprising
Cuprous Oxide, Magnesium Chloride, Manganese Chloride,
or Calcium Chlonde

Provided herein are methods of treating laccase enzyme
with nanoparticles. In some embodiments, the treatment
method includes combining to form a mixture: 1) nanopar-
ticles comprising cuprous oxide, magnesium chloride, man-
ganese chloride, or calcium chloride; and 11) laccase enzyme;
under conditions 1n which the enzyme 1s 1n contact with the
nanoparticles and the enzyme 1s not immobilized on the
nanoparticle.

In some embodiments, the mixture comprising the laccase
enzyme and the nanoparticles comprising cuprous oxide,
magnesium chloride, manganese chloride, or calcium chlo-
ride can be incubated by any suitable incubation techniques.
Additionally or alternatively, in some embodiments, incu-
bation conditions can vary depending on the materials being
incubated. For example, 1n one embodiment, the mixture 1s
incubated at about 30° C. to about 100° C. In some embodi-
ments, the mixture 1s incubated at about 40° C., about 50°
C., about 55° C., about 60° C., about 65° C., about 70° C.,
about 75° C., about 80° C., about 85° C., about 90° C., or
ranges between any two of these values. In another embodi-
ment, the incubation can be carried out for a period of about
10 minutes to about 10 hours—ior example, about 10
minutes, 20 minutes, 30 minutes, 40 minutes, S0 minutes, 1
hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 7 hours, 8
hours, 9 hours, 10 hours, or from about 2 hours to about 5
hours, about 3 to about 4 hours. In some embodiments, the
incubation can be carried out at pH from about 3 to about 12.
In some embodiments, the incubation can be carried out at
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about pH: 3,4, 5,6,7,8,9, 10, 11, 12, or ranges between
any two of these values. In some embodiment, the incuba-
tion can be carried out at pH of about 8.5. In some embodi-
ment, the incubation can be carried out at pH of about 8.5 at
50° C. for 15 min. In some embodiment, the incubation can
be carried out at pH of about 9. In some embodiment, the
incubation can be carried out at pH of about 9 at 80° C. for
120 min. In some embodiments, the mixture comprising the
laccase enzyme and the nanoparticles comprising cuprous
oxide, magnesium chloride, manganese chloride, or calcium
chloride are not incubated prior to treating a substrate.

In some embodiments of the method, the enzyme com-
prises recombinant enzyme. In some embodiments, the
enzyme treatment can include purnifying the laccase enzyme
(for example, from a bacterial or fungal source) before 1t 1s
combined into the mixture (for example, before 1t 1s com-
bined with nanoparticle comprising cuprous oxide, magne-
sium chloride, manganese chloride, or calcium chloride, or
betore 1t 1s combined with nanoparticles comprising cuprous
oxide, magnesium chloride, manganese chloride, or calcium
chloride and a substrate).

In some embodiments, the enzyme 1s derived from a
microorganism, such as a bacteria or fungus. For example,
in some embodiments, the enzyme derived from one or more
of Pseudomonas marginalis, Azospirillum lipoferum, Strep-
tomyces sp., Rhus vernicifera, Mycobacterium tuberculosis,
Escherichia coli, Caulobacter crescentus, Pseudomonas
syringae, Bordetella pertussis, Xanthomonas campestris,
Pseudomonas  aeruginosa,  Mvcobacterium  avium,
Pseudomonas putida, Rhodobacter capsulatus, Yersinia pes-
tis, Campylobacter jejuni, Aquifex aeolicus, Physisporinus
rivulosus, Melanocarpus albomyces, Agaricus blazei, Tram-
etes versicolor, Pycnoporus sanguineus, and/or Basidiomy-
cota sp.

In some embodiments, the enzyme i1s purified from
Pseudomonas marginalis, Azospirillum lipoferum, Strepto-
myces sp., Rhus vernicifera, Mycobacterium tuberculosis,
Escherichia coli, Caulobacter crescentus, Pseudomonas
syringae, Bordetella pertussis, Xanthomonas campestris,
Pseudomonas  aeruginosa,  Mvcobacterium  avium,
Pseudomonas putida, Rhodobacter capsulatus, Yersinia pes-
tis, Campvlobacter jejuni, Aquifex aeolicus, Physisporinus
rivulosus, Melanocarpus albomyces, Agavicus blazei, Tram-
etes versicolor, Pycnoporus sanguineus, and/or Basidiomy-
cota sp. In some embodiments, the enzyme 1s recombinantly
derived.

In some embodiments, the enzyme 1s recombinantly
modified to further comprise a non-heterologous peptide tag.
Exemplary non-heterologous peptide tags include but are
not lmmited to (His), tag, glutathione-S-transierase tag
(GST), peptide fragments of human proto-oncoprotein MY C
(for example, N-ILKKATAYIL-C(SEQ ID NO: 1),
N-EQKLISEEDL-C(SEQ ID NO: 2)), peptide fragments of
Influenza protein haemagglutinin (HA) for example,
N-YPYDVP-C (SEQ ID NO: 3).

Alternatively, unpurified enzyme can be combined with
the nanoparticles comprising cuprous oxide, magnesium
chlonide, manganese chloride, or calcium chloride (or nano-
particles and substrate) to form the mixture.

In some embodiments, treatment of enzymes with nano-
particles comprising cuprous oxide, magnesium chloride,
manganese chloride, or calctum chlonide alters the proper-
ties of an enzyme. In some embodiments, the laccase
enzyme treated with nanoparticles comprising cuprous
oxide, magnesium chloride, manganese chloride, or calcium
chloride 1s more stabilized as compared to the same enzyme
that 1s not 1n contact with or not treated with the nanoparticle
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comprising cuprous oxide, magnesium chloride, manganese
chloride, or calcium chloride.

In some embodiments, the treatment of laccase enzyme
with nanoparticles comprising cuprous oxide, magnesium
chloride, manganese chloride, or calcium chlonide results 1n
improved thermal stability, enzyme activity, increased activ-
ity at a higher (or elevated) temperature, and/or decreased
pH dependency. In some embodiments, the treatment of
laccase enzyme with the nanoparticles can increase deter-
gent tolerance relative to laccase enzyme without nanopar-
ticles.

For example, 1n some embodiments, a laccase enzyme
treated with nanoparticles comprising cuprous oxide, mag-
nesium chloride, manganese chloride, or calctum chloride
can have an increased activity as compared to the same
enzyme that 1s not in contact with the nanoparticle compris-
ing cuprous oxide, magnesium chloride, manganese chlo-
ride, or calcium chloride. In some embodiments, the
increase 1n activity can be at least about 5%, at least about
10%, at least about 15%, at least about 20%, at least about
25%, at least about 30%, at least about 35%, at least about

40%, at least about 45%, at least about 50%, at |

least about
55% at least about 60%, at least about 70%, at least about
80%, at least about 90%, at least about 100%, at least about
200%, at least about 400%, at least about 600%, at least
about 800%, or at least about 1000% greater than an enzyme
not 1n contact with the nanoparticle comprising cuprous
oxide, magnesium chloride, manganese chloride, or calcium
chloride. In some embodiments, the increase can be at least
an order of magnitude higher, such as 10 times, 20 times, 30
times, 40 times, 50 times or more higher than an enzyme not
in contact with the nanoparticle comprising cuprous oxide,
magnesium chloride, manganese chloride, or calcium chlo-
ride.

Additionally, or alternatively, in some embodiments, the
laccase enzyme ftreated with nanoparticles comprising
cuprous oxide, magnestum chloride, manganese chloride, or
calcium chlornide exhibits more thermal stability as com-
pared to the same enzyme that i1s not treated with the
nanoparticle comprising cuprous oxide, magnesium chlo-
ride, manganese chloride, or calcium chloride. For example,
in some embodiments, treatment with nanoparticles com-
prising cuprous oxide, magnesium chlonde, manganese
chloride, or calcium chloride can increase the thermal sta-
bility. Thermal stability can be measured and described via
several metrics. For example, an increase in thermal stability
can refer to an enzyme retaining 1ts activity after being
exposed to an elevated temperature for a period of time. For
example, 1n some embodiments, the treated enzyme retains
activity alter being exposed to an elevated temperature for at
least 2 hours—{tor example, at least 3 hours, at least 4 hours,
at least 5 hours, at least 6 hours, at least 8 hours, at least 10
hours, or ranges between any two of these values. In some
embodiments, the elevated temperature refers to a tempera-

ture higher than a room temperature—for example, at least
30° C., at least 37° C., at least 40° C., at least 45° C., at least

50° C., at least 55° C., at least 60° C., at least 65° C., at least
70° C., at least 75° C., at least 80° C., at least 85° C., at least
90 C., at least 95° C., at least 100° C., at least 105° C., at
least 110° C., at least 115° C., at least 120° C. or higher.
Additionally or alternatively, 1n some embodiments, the
laccase enzyme in contact with nanoparticles comprising
cuprous oxide, magnestum chloride, manganese chloride, or
calcium chloride can have an increased activity at a higher
(or elevated) temperature as compared to the same enzyme
that 1s not in contact with the nanoparticle comprising
cuprous oxide, magnesium chloride, manganese chloride, or
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calcium chloride. For example, in some embodiments the
increase can be at least about 5%, at least about 10%, at least
bout 15%, at least about 20%, at least about 25%, at least
bout 30%, at least about 35%, at least about 40%, at least
bout 45%, at least about 50%, at least about 55% at least
bout 60%, at least about 70%, at least about 80%, at least
hout 90%, at least about 100%, at least about 200%, at least
about 400%, at least about 600%, at least about 800%, or at
least about 1000% greater than an enzyme not 1 contact
with the nanoparticle comprising cuprous oxide, magnesium
chloride, manganese chloride, or calcium chloride. In some
embodiments, the increase can be at least an order of
magnitude higher, such as 10 times, 20 times, 30 times, 40
times, 50 times or more higher than an enzyme not in contact
with the nanoparticle comprising cuprous oxide, magnesium
chlonide, manganese chloride, or calcium chlornide.

In some embodiments, the elevated temperature refers to
a temperature higher than a room temperature—{for
example, at least 30° C., at least 37° C., at least 40° C., at
least 45° C., at least 50° C., at least 55° C., at least 60° C.,
at least 65° C., at least 70° C., at least 75° C., at least 80° C.,
at least 85° C., at least 90° C., at least 95° C., at least 100°
C., atleast 105° C., at least 110° C., at least 115° C., at least
120° C. or higher. In some embodiments, the elevated

temperature refers to a temperature of about 40° C., about
45° C., about 50° C., about 55° C., about 60° C., about 65°

C., about 70° C., about 75° C., about 80° C., about 85° C.,
about 90 C., about 95° C., about 100° C., about 105° C.,
about 110° C., about 115° C., about 120° C., or ranges
between any two of these values.

In some embodiments, a laccase enzyme in contact with
nanoparticles comprising cuprous oxide, magnesium chlo-
ride, manganese chloride, or calcium chloride can have a
longer halt-life (t,,,) as compared to the same enzyme that
1s not 1n contact with nanoparticles comprising cuprous
oxide, magnesium chloride, manganese chloride, or calcium
chloride. In some embodiments, the increase 1n halt-life 1s at
least about 5%, at least about 10%, at least about 15%, at
least about 20%, at least about 25%, at least about 30%, at
least about 35%, at least about 40%, at least about 45%, at
least about 50%, at least about 55% at least about 60%, at
least about 70%, at least about 80%, at least about 90%, at
least 100%, at least 200%, at least 400%, at least 600%, at
least 800%, at least 1000% longer as compared to the same
enzyme that 1s not 1n contact with nanoparticles comprising
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride. In some embodiments, the increase can be
at least an order of magnitude higher, such as 10 times, 20
times, 30 times, 40 times, 50 times, longer.

In some embodiments, the laccase enzyme 1n contact with
nanoparticles comprising cuprous oxide, magnesium chlo-
ride, manganese chloride, or calcium chloride can have an
increased detergent tolerance as compared to the same
enzyme that 1s not in contact with the nanoparticle compris-
ing cuprous oxide, magnesium chloride, manganese chlo-
ride, or calctum chloride. For example, the increase in
detergent tolerance can be at least about 5%, at least about
10%, at least about 15%, at least about 20%, at least about
25%, at least about 30%, at least about 35%, at least about
40%, at least about 45%, at least about 50%, at least about
55% at least about 60%, at least about 70%, at least about
80%, at least about 90%, at least about 100%, at least about
200%, at least about 400%, at least about 600%, at least
about 800%, or at least about 1000% greater than an enzyme
not 1n contact with the nanoparticle comprising cuprous
oxide, magnesium chloride, manganese chloride, or calcium
chloride. In some embodiments, the increase can be at least
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an order ol magnitude higher, such as 10 times, 20 times, 30
times, 40 times, 50 times or more higher than an enzyme not
in contact with the nanoparticle comprising cuprous oxide,
magnesium chloride, manganese chloride, or calcium chlo-
ride.

V. Select Illustrative Advantages of the Composition of the
Present Technology Over Laccase Enzyme Alone

There 15 an 1ncreasing demand to replace some traditional
chemical processes with biotechnological processes 1nvolv-
ing microorganisms and enzymes which not only provide an
economically viable alternative, but also are more environ-
ment-friendly.

The compositions of the present technology comprising
laccase enzyme and nanoparticles comprising cuprous
oxide, magnesium chloride, manganese chloride, or calcium
chloride wherein the laccase enzyme 1s 1n contact with the
nanoparticle and the enzyme 1s not immobilized on the
nanoparticle has significant advantage over the laccase
enzyme alone. The thermal stability, improved activity, and
decreased pH dependency are advantageous in industrial
processing conditions. Thermostability and increased cata-
lytic activity are advantageous features as they increase the
rate of activity and the sheli-life of the enzyme while
decreasing energy consumption and costs when processing
substrates. Further, improved enzymatic activity allows the
processing of a larger volume of substrate. Additionally, the
compositions of the present technology comprising laccase
enzyme in contact with nanoparticles comprising cuprous
oxide, magnesium chloride, manganese chloride, or calcium
chloride can replace some traditional chemical processes.
The compositions of the present technology comprising
laccase enzyme 1n contact with nanoparticle comprising
cuprous oxide, magnestum chloride, manganese chloride, or
calcium chloride are not only economically viable alterna-
tive, but are also more environment friendly as compared to
alternative chemical methods.

The decreased pH dependency of the compositions of the
present technology comprising laccase enzyme 1n contact
with nanoparticle comprising cuprous oxide, magnesium
chloride, manganese chloride, or calctum chloride has sig-
nificant advantages over laccase enzyme alone (untreated
laccase enzyme) because untreated laccase enzyme has a
more limited pH activity range.

The optimal pH values of untreated laccase vary depend-
ing on the substrate employed, molecular oxygen, and the
enzyme 1tself. The different redox potentials of phenolic
substrate can change the pH optima. Laccase enzyme cata-
lyzes the oxidation of ortho and paradiphenols, aminophe-
nols, polyphenols, polyamines, lignins and aryl diamines as
well as some 1norganic 1ons coupled to the reduction of
molecular dioxygen to water. Textile dyes are generally
different types of phenols and azo compounds. Advanta-
geously, the composition of the present technology, com-
prising laccase enzymes in contact with nanoparticles com-
prising cuprous oxide, magnesium chloride, manganese
chloride, or calcium chloride exhibits decreased pH depen-
dency, and can thus act on a wider range of phenolic dyes as
well as toxic substrates compared to untreated laccase
eNzymes.

V1. Illustrative Uses of the Compositions of the Present
Technology

The composition of the present technology can be used
for a variety of purposes. The composition provides robust
catalytic alternatives for the breakdown of lignocellulosic
materials under industrial processing temperature. In some
embodiments, the composition of the present technology can
be used for bio-bleaching of fibers, cottons 1n textile and
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paper industries 1n an environment friendly method. In some
embodiments, the composition can be used for treatment of
industrial wastewater containing phenolic, arylamine,
diamine materials, and textile dye reagents. In some embodi-
ments, the composition can be used for detoxification of
industrial effluents. In some embodiments, the composition
can be used for retting or bioscouring of natural bast fibers
(for example, hemp and flax), and cotton fabric. In some
embodiments, the composition can be used as an eflicient
tool for bio-remediation.

In some embodiments, the composition can be used to
treat a substrate, the substrate comprises a phenolic hydroxyl
group by contacting and/or incubating the substrate with a
composition. In some embodiments, the substrate comprises
an azo group. In some embodiments, the substrate comprises
syringaldazine, congo red, cotton blue, bromophenol blue,
malachite green. In some embodiments, the substrate com-
prises ortho and paradiphenols, aminophenols, polyphenols,
polyamines, lignins and/or aryl diamines. In some embodi-
ments, the substrate comprises a textile, wool, biocomposite,
wastewater, paper, wood pulp, soil, animal feed, food,
beverage, herbicide, pesticide, dye, pigment or combina-
tions thereof. In some embodiments, the substrate comprises
wood pulp comprising lignin.

In some embodiments, the substrate comprises dye or
pigment, wherein the enzyme reacts with the dye or pigment
and reduces the color of the substrate or decolorizes the
substrate. In some embodiments, the substrate comprises a
textile comprising a dye, wherein the enzyme reacts with the
dye or pigment and reduces the color of the textile or
decolorizes the textile. In some embodiments, the substrate
comprises a beverage comprising phenolic compounds,
wherein the enzyme reacts with the phenolic compound to
reduce or remove browning or haze from the beverage. In
some embodiments, the beverage 1s selected from fruit juice,
beer, or wine.

In some embodiments, contacting the substrate 1s carried
out at a temperature of about 30° C. to about 80° C. In some
embodiments, contacting the substrate i1s carried out at a
temperature of about 80° C. In some embodiments, contact-
ing the substrate 1s carried out at a pH of about 3 to about
12. In some embodiments, contacting the substrate 1s carried
out at a pH of about 9. In some embodiments, contacting the
substrate 1s carried out from about 10 minutes to about 120
minutes.

A. Use of Enzyme Compositions of the Present Technology
for Scouring

On an industrial scale chemical scouring 1s common,
which improves water absorbency and whiteness of textiles
by removing non-cellulosic substances from many natural
fibers. Hazardous chemicals like soda-ash, oxalic acid, caus-
tic soda, used in chemical scouring process, causes several
environmental pollution as well as weaken the fiber strength.

Despite the interest in using laccase for bio-scouring
processes, laccase enzymes currently in use suflers from a
lack of scouring etliciency. Lack of scouring efliciency can
arise¢ Irom thermal instability and low activity of the
enzyme. Thermal instability results 1n reduction of activity
over time due to thermally induced changes in enzyme
conformations. Higher temperature accelerates reduction 1n
activity. Low activity limits the rate at which scouring can
occur. Scouring efliciency can be increased by using com-
positions of the present technology, comprising laccase
enzyme having increased thermostability and enzymatic
activity as described herein.
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B. Use of Enzyme Compositions in the Treatment of Indus-
trial Effluents

Paper and pulp mills, molasses based-alcohol distilleries,
tanneries, dye-making units and textiles are some of the
major industries that produce and discharge highly colored
ellluents. Fach of these industrial eflluents creates some

specific problem besides producing aesthetically unaccept-
able intense coloring of soi1l and water bodies. They block
the passage of light to the lower depths of the aquatic system
resulting 1n cessation of photosynthesis, leading to anaerobic
conditions, which 1n turn result 1n the death of aquatic life
causing foul smelling toxic waters.

The pollution problems due to the industrial effluents have
increased 1n the recent years. The dyeing processes have, 1n
general, a low vield and the percentage of the lost dye 1n the
cilluents can reach up to 50%. For example, textile dye
cilluents are complex, containing a wide variety of dyes,
natural impurities extracted from the fibers and other prod-
ucts such as dispersants, leveling agents, acids, alkalis, salts
and sometimes heavy metals. In general, the effluent is
highly colored with high biological oxygen demand (BOD),
suspended solids (85), toxicity, and chemical oxygen
demand (COD), 1t has a high conductivity and 1s alkaline 1n
nature. The degradation products of the dyes are often
carcinogenic. To meet stringent environmental regulations,
the wastewaters have to be treated before their discharge to
the environment. Most currently existing processes to treat
dye wastewater are ineflective and not economical. There-
fore, the development of processes based on the composition
comprising laccase as described above, seems an attractive
solution due to their potential in degrading dyes of diverse
chemical structure, including synthetic dyes currently
employed 1n the industry. The compositions of the present
technology comprising laccase enzyme are able to detoxily
wastewater contaiming chlorophenols by catalyzing their
polymerization via radical coupling. The coupling products
can be removed from the wastewater by precipitation. Chlo-
rophenols can also cross-couple and precipitate with other
phenols present 1in wastewater, which may enhance their
removal efliciency.

C. Use of Enzyme Compositions in the Textile Industry

Denim Finishing

In the textile finishing industry, enzymatic degradation of
indigo could have potential both 1n stone-wash process and
for the treatment of dyeing eflluents. Several steps are
involved in the manufacture of denim garments between
dyeing and the final stone-washing where excessive amounts
of indigo are removed from the fabrics and discharged with
the wastewater. The fabrics are partially bleached by a
treatment with sodium hypochlorite, followed by neutral-
ization and a rinsing step all causing substantial environ-
mental pollution. The compositions of the present technol-
ogy comprising the laccase enzyme are useful in denim
finishing.

Cotton Bio-Bleaching

The purpose of cotton bleaching 1s to decolorize natural
pigments and to confer a pure white appearance to the fibers.
Mainly flavonoids are responsible for the color of cotton.
The most common industrial bleaching agent 1s hydrogen
peroxide. However, radical reactions of bleaching agents
with the fiber can lead to a decrease in the degree of
polymerization and, thus, to severe damage. Furthermore, a
huge amount of water 1s needed to remove hydrogen per-
oxide from fabrics, which can cause problems i1n dyeing.
Theretfore, replacement of hydrogen peroxide by an enzy-
matic bleaching system would not only lead to better prod-
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uct quality due to less fiber damage but also to substantial
savings on washing water needed for the removal of hydro-
gen peroxide.

The compositions of the present technology comprising
laccase enzyme can enhance the bleaching effect on cotton
tabrics. In addition, the short time of the enzymatic pre-
treatment suilicient to enhance fabric whiteness makes this
bio-process suitable for continuous operations. Also, the
composition of the present technology comprising laccase
can 1mprove the whiteness of cotton due to oxidation of
flavonoids.

Other Uses 1n Textile Industries

The thermostable laccase enzymes of the present tech-
nology, with enhanced activity at higher temperatures and
decreased pH dependency, are also useful in wool dyeing,
rove scouring, anti-shrink treatment of wool, and dye syn-
thesis.

In textile processing, laccase enzymes of the present
technology can be used for improving the fabric whiteness
in bleaching process, decolorization of dyed textile matenals
and colored eflluent and scouring of fibers, wool dyeing, and
wool anti-felting. Laccase enzymes of the present technol-
ogy can be used to color wool fabric that was previously
padded with hydroquinone. Laccase enzymes of the present
technology can be used for wool dyeing. A dye bath can be
prepared with a dye precursor (2,5-diaminobenzene-sulfonic
acid), dye modifiers (catechol and resorcinol) and laccase,
without any dyeing auxiliaries.

Laccase enzymes of the present technology 1s useful for
reducing felting shrinkage of wool fabric. Increasing con-
centration of laccase can lead to a decrease 1n fabric shrink-
age.

Laccase enzymes of the present technology can be used
for roving treatment to improve yarn regularity. The advan-
tage of the use of laccase 1n rove scouring 1s that the process
1s performed under mild reaction conditions resulting, thus,
in an ecologically friendly process.

Laccase enzymes of the present technology can be used to
form red azo dyes by the oxidative coupling of 3-methyl-
2-benzothiazolinone hydrazone (MBTH) and phenols. Oxi-
dation of ferulic acid by laccase 1n a biphasic hydro-organic
medium leads to the production of stable yellow coloured
products.

D. Use of the Composition 1n Paper Industries

The industrial preparation of paper requires separation
and degradation of lignin 1 wood pulp. Environmental
concerns compel the replacement of conventional and pol-
luting chlorine-based deligmification/bleaching procedures.
The use of ligninolytic (lignin-degrading) enzymes (laccase)
tfor the (pre)treatment of lignocellulosic raw material such as
wood chips 1 pulping 1s referred to as biopulping. Biop-
ulping 1s applicable to both mechanical and chemical pulps;
its advantages iclude reduced refining energy or increased
mill throughput 1n mechanical pulping, and enhanced paper
strength properties, alleviated pitch problems, improved
yield, and reduced environmental impact in mechanical and
chemical pulping and papermaking. The compositions of the
present technology comprising laccases and nanoparticles
comprising cuprous oxide, magnestum chloride, manganese
chloride, or calcium chloride have enhanced activity at
higher temperatures and decreased pH dependency. The
compositions can be used to activate the fiber bound lignin
during manufacturing of the composites, thus, resulting 1n
boards with good mechanical properties without toxic syn-
thetic adhesives. Additionally or alternatively, the composi-
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tion of the present technology comprising laccase are usetul
to grait various phenolics acid denvatives onto krait pulp
fibers.

E. Use of Enzyme Compositions in the Degradation of
Lignocellulosic Materials

The compositions of the present technology comprising
laccase are useful 1n degrading lignocellulosic materials.
The compositions can be used, for example, to 1itiate a
series of redox reactions, which degrade the lignin (or
lignin-derived pollutants). The compositions can be used to
oxidize aromatic compounds until the aromatic ring struc-
ture 1s cleaved, which can then be followed by additional
degradation with other enzymes. The breakdown of ligno-
cellulosic materials has wide variety of industrial applica-
tions.

Enzymatic hydrolysis of lignocellulosic matenials 1s the
first step for either digestion to biogas (methane) or fermen-
tation to ethanol. Ethanol 1s an important renewable bio-fuel
in terms of volume and market value. The demand for
cthanol has a significant market, as ethanol 1s commonly
used as a chemical feedstock or as an octane enhancer or
petrol additive. Hence, the compositions of the present
technology 1s useful in the production of ethanol from
lignocellulosic materials.

Biogas 1s another energy source that 1s used as car fuel, or
for production of heat or electricity. Pretreatment of ligno-
cellulosic materials with the compositions of the present
technology would degrade the lignocellulosic materials and
help to produce ethanol and biogas.

Bioconversion of lignocellulosic breakdown wastes could
make a significant contribution to the production of organic
chemicals. FIG. 1 shows exemplary uses of the composition
of the present technology 1n the breakdown of the lignocel-
lulosic material and the use of the breakdown products 1n
various applications.

In some embodiments, the composition of the present
technology can be used to produce vanillin. Vanillin 1s an
exemplary bio-product of lignin breakdown. The largest use
of vanillin 1s as a flavoring, usually 1n sweet foods. It 1s used
in the tflavor industry, as a very important key note for many
different flavors, especially creamy profiles. The ice cream
and chocolate industries together comprise 75% of the
market for vanillin as a flavoring, with smaller amounts
being used 1n confections and baked goods. Vanillin 1s also
used 1n the fragrance industry, in perfumes to mask unpleas-
ant odors or tastes 1n medicines, livestock fodder, and
cleaning products. Vanillin has been used as a chemical
intermediate 1n the production of pharmaceuticals and other
fine chemicals.

F. Use of the Enzyme Compositions of the Present Tech-
nology in Organic Synthesis

In some embodiments, the composition of the present
technology comprising laccase can be employed for several
applications in organic synthesis for example, the oxidation
of functional groups, the coupling of phenols and steroids.

In some embodiments, the composition of the present
technology comprising laccase can be used to aerobically
convert phenol to catechol. Catechol i1s the precursor to
pesticides, tlavors, and fragrances. Approximately 30% of
synthetic catechol 1s consumed 1n the production of pesti-
cides, the remainder being used as a precursor to fine
chemicals such as perfumes and pharmaceuticals.

Catechol 1s a common building block 1n organic synthesis.
Several industrially significant flavors and fragrances are
prepared starting from catechol. Guaiacol i1s prepared by
methylation of catechol and is then converted to vanillin.
The related monoethyl ether of catechol, guethol, 1s con-
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verted to ethylvanillin, a component of chocolate confec-
tioneries. 3-Trans-Isocamphylcyclohexanol, widely used as
a replacement for sandalwood o1l, 1s prepared from catechol
via guaiacol and camphor. Piperonal, a flowery scent, 1s
prepared from the methylene diether of catechol followed by
condensation with glyoxal and decarboxylation.

The compositions of the present technology are useful to
oxidize phenolic compounds (for example, phenols, poly-
phenols, meta substituted phenols), diamines and a variety
of other components utilizing molecular oxygen. In some
embodiments, the compositions of the present technology
are usetful 1 the synthesis of quinones by oxidizing phenols
and catechols. A large scale industrial application of quino-
nes 1s for the production of hydrogen peroxide. 2-Alkylan-
thraquinones are hydrogenated to the corresponding hydro-
quinones (quinizarins), which then transter H, to oxygen.

Derivatives of quinones are common constituents of bio-
logically relevant molecules (for example, Vitamin K1 1is
phylloquinone). Natural or synthetic quinones show a bio-
logical or pharmacological activity, and some of them show
antitumoral activity and possess a number of biological
properties, including some claims 1n herbal medicine. These
applications include purgative (sennosides), antimicrobac-
terial (rhein- and saprorthoquinone), anti-tumor (emodin and
juglone), mhibition of PGE2 biosynthesis (arnebinone and
arnebifuranone) and anti-cardiovascular disease (tanshi-
none).

Many natural and artificial coloring substances (dyes and
pigments) are quinone derivatives. They are second only to
azo dyes in importance as dyestulls, with particular empha-
s1s on blue colors. Alizarin (2,3-dihydroxy-9,10-anthraqui-
none), extracted from the madder plant, was the first natural
dye to be synthesized from coal tar.

G. Use of Enzyme Compositions 1n Food and Beverage
Industry

In some embodiments, the compositions of the present
technology comprising laccases can be applied to certain
processes that enhance or modity the color appearance of
food or beverage. The compositions of the present technol-
ogy are uselul 1n the elimination of undesirable phenolics,
responsible for the browning, haze formation and turbidity
development 1n clear fruit juice, beer and wine. In some
embodiments, the compositions are used 1n different aspects
of the food industry such as bioremediation, beverage pro-
cessing, ascorbic acid determination, sugar beet pectin gela-
tion, baking and as a biosensor.

VII. Kits

The compositions and methods provided herein can be
used 1n various applications. For example, the compositions
of the present technology can be provided 1n a kit, 1n some
embodiments. The kit can comprise, for example, 1) a
laccase enzyme; 11) a plurality of nanoparticles comprising
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride; and 111) imstructions for combining the
enzyme and the nanoparticles to form an enzyme composi-
tion. In some embodiments, the kit further includes 1nstruc-
tions for applying the enzyme composition for the treatment
of wide varniety of organic and 1norganic substrates. Addi-
tionally or alternatively, in some embodiments, the kit
includes a composition comprising laccase enzyme 1n con-
tact with nanoparticles comprising cuprous oxide, magne-
sium chloride, manganese chloride, or calcium chloride. In
some embodiments, the kit further includes instructions for
applying the enzyme composition for the treatment of wide
variety of organic and inorganic substrates.

In some embodiments of the method, the enzyme com-
prises recombinant enzyme. In some embodiments, the
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enzyme 1s derived from a microorganism, such as a bacteria
or fungus. For example, 1n some embodiments, the enzyme
derived from one or more ol Pseudomonas marginalis,
Azospirillum lipoferum, Streptomyces sp., Rhus vernicifera,
Mvycobacterium tuberculosis, Escherichia coli, Caulobacter
crescentus, Pseudomonas syringae, Bordetella pertussis,
Xanthomonas campestris, Pseudomonas aeruginosa, Myco-
bacterium avium, Pseudomonas putida, Rhodobacter cap-
sulatus, Yersinia pestis, Campylobacter jejuni, Aquifex
aeolicus, Physisporinus rivulosus, Melanocarpus albomy-
ces, Agaricus blazei, Trametes versicoloy, Pycnoporus san-
guineus, and/or Basidiomycota sp.

In some embodiments, the enzyme 1s purified from
Pseudomonas marginalis, Azospivillum lipoferum, Strepto-
myces sp., Rhus vernicifera, Mycobacterium tuberculosis,
Escherichia coli, Caulobacter crescentus, Pseudomonas
syringae, Bordetella pertussis, Xanthomonas campestris,
Pseudomonas  aeruginosa,  Mycobacterium  avium,
Pseudomonas putida, Rhodobacter capsulatus, Yersinia pes-
tis, Campvlobacter jejuni, Aquifex aeolicus, Physisporinus
rivulosus, Melanocarpus albomyces, Agavicus blazei, Tram-
etes versicolor, Pycnoporus sanguineus, and/or Basidiomy-
cota sp. In some embodiments, the enzyme 1s recombinantly
derived.

In some embodiments, the enzyme 1s recombinantly
modified to further comprise a non-heterologous peptide tag.
Exemplary non-heterologous peptide tags include but are
not lmmited to (His), tag, glutathione-S-transierase tag
(GST), peptide fragments of human proto-oncoprotein MYC
(for example, N-ILKKATAYIL-C(SEQ ID NO: 1),
N-EQKLISEEDL-C(SEQ ID NO: 2)), peptide fragments of
Influenza protein haemagglutinin (HA) for example,
N-YPYDVP-C (SEQ ID NO: 3).

In some embodiments, the nanoparticle including a
cuprous oxide, magnesium chloride, manganese chloride, or
calcium chloride has a diameter of about 25 nm to about 500
nm. In some embodiments, the diameter 1s about 50 nm to
about 400 nm. In some embodiments, the diameter 1s about

350 nm.

EXPERIMENTAL EXAMPLES

The present compositions and methods thus generally
described, will be understood more readily by reference to
the following examples, which are provided by way of
illustration and are not intended to be limiting. The follow-
ing 1s a description of the materials and experimental
procedures used in the Examples.

Example 1

Purification of Laccase from Pseudomonas
marginalis and Escherichia coli Laccase from
Pseudomonas marginalis

In some embodiments, the laccase enzyme can be purified
from Pseudomonas marginalis. This bacteria was 1solated
from termite soil. Bacterial laccase enzyme 1s purified by
two consecutive processes. First 1on exchange chromatog-
raphy (CM Sepharose) can be used followed by gel filtration
chromatography (Sephadex G-75).

Laccase from Escherichia coli

Laccase enzyme was purified from FEscherichia coli
ALK?2 secreting laccase into the culture media. In one
example, Laccase was purified from a 100-ml . coli culture
in Luria broth into which laccase was secreted. Cell-free
supernatant was mixed with 10 ml CM-Sepharose pre-
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equilibrated with Tris-HCI bufler (25 mM, pH 8.5) and kept
at 4° C. overnight. After leaving the mixture overnight, 10
ml of the mixture was loaded onto a column (10 ml bed
volume). Bound compounds were eluted with Tris-HCI

buffer (25 mM, pH 8) containing 0-1 M NaCl. Fractions of >

1 ml were collected and those showing laccase activity were
concentrated using a Macrosep 10 K unit and loaded onto a
glass column packed with Sephadex G-75 (bed volume 30
ml) and equilibrated with the same Tris-HCI bufler. Elution
of the proteins were performed using Tris-HCI bufler (25
mM, pH 8.5) and analyzed by 12% SDS polyacrylamide gel
clectrophoresis (PAGE). Protein markers and protein bands
were stained by silver staining.

Example 2
Activity Assay of Laccase

The laccase activity was determined by syringaldazine
assay which measured absorbance at 525 nm. Appropriate
dilution of 1 ml supernatant was added to 3 ml of 25 mM
Tris-HC1 bufler, pH: 8.5, and then 2 ml substrate syrin-
galdazine (solution 1n methanol and 1:2 dilution by Dioxan)
was added to make a total assay system of 5 ml. The final
concentration of syringaldazine was 1 mM, the concentra-
tion of Cu** ion was 0.18 mM, concentration of laccase
enzyme was 0.22 mg/ml, and concentration of the nanopar-
ticle comprising cuprous oxide was 0.1 mM. The immediate
color change from straw yellow to dark pink or violet was
measured by spectrophotometer at 525 nm. The enzyme
activities were measured at varying temperature, pH, and
time 1n the presence or absence of nanoparticles comprising,
cuprous oxide.

Example 3

Preparation of a Composition Comprising Laccase
Enzyme and Nanoparticles Comprising Cuprous
Oxide

Nanoparticles comprising cuprous oxide were purchased
from Sigma-Aldrich (Catalog No. 678945). The composi-
tion comprising laccase enzyme was made by combiming
0.22 mg/ml of the laccase enzyme with 0.1 mM of the
nanoparticles comprising cuprous oxide 1n a reaction mix-
ture comprising 25 mM Tris-HCI bufler, pH 9. The enzyme
was 1ncubated with the nanoparticle comprising cuprous
oxide for 15 minutes at 350° C. For assays to determine
thermal stability of the laccase enzyme treated with the
nanoparticle comprising cuprous oxide, the enzyme was
incubated with the nanoparticle from 30° C.-90° C. for
15-180 minutes.

The si1ze and morphology of the particles was determined
using transmission electron microscopy (TEM) (CM 200
CXPhilips at 160 kV). Nanoparticles comprising cuprous
oxide had an average size of about 350 nm.

Example 4

Characterization of Laccase Enzyme with and
without the Nanoparticles Comprising Cuprous

Oxide

. Evaluation of the Kinetic Parameters

The kinetic parameters of treated and untreated enzyme
were evaluated to gain an insight into the tolerance of the
purified laccase to temperature. For the enzyme kinetics
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experiments, the bufler (25 mM Tris-HCI, pH 8.5) was used
without any supplementation of copper 1ons. In case of the
laccase enzyme not treated with nanoparticles comprising
cuprous oxide, the laccase enzyme 1s purified from bacterial
culture media supplemented with 0.18 mM CuSO, to which
it 1s secreted. In case of the composition comprising laccase
enzyme and nanoparticles comprising cuprous oxide, the
nanoparticles were added to each assay. Syringaldzine was
used as the enzyme substrate. Varying concentration of
syringaldazine (0.2 mM to 2 mM) was used to determine the
kinetic parameters. The incubation was carried out at tem-
perature of 50° C. or 80° C., 0.22 mg/ml of laccase enzyme
in the presence or absence of 0.1 mM nanoparticles com-
prising cuprous oxide. The reaction was monitored spectro-
photometrically at 525 nm.

The activation energy (E ) was calculated for the tem-
perature range of 40°-80° C. from the Arrhenius plot. The
syringaldazine concentration used for this purpose was 1
mM.

The kinetic parameters, K _, V___ and the activation
energy (E_) of both treated and untreated purified laccase
enzyme were calculated according to the methods of Liao,
etal., (1997) J. Appl. Microbiol. 83, 10-16. The results of the

study are shown in the Table 1 below.

TABLE 1

Km, Vmax and activation energy (Ea): Nanoparticle
comprising cuprous oxide (Cu,O NP) treatment enhances

the enzyme substrate specificity and lowers the activation
energy as compared to untreated enzvme.

K,at Vmaxat Kmat Vmax at

50° C. 50° C. 80° C. 80° C. Ea
Enzyme (mM) (Umt/ml) (mM) (Umt/ml) (KJ/mol)
Laccase treated 3.33 210 2 157 —&8.069
with Cu,O NP
Laccase untreated 4 150 5.63 127 38.12

The laccase enzyme treated with nanoparticle comprising
cuprous oxide (Cu,O NP) 1s more active than the untreated
laccase enzyme. The treated enzyme has higher V____at both
50° C. and 80° C. Additionally, the athmity for the substrate
1s greater for the treated laccase enzyme than the untreated
enzyme at 80° C. The K of the treated enzyme 1s nearly half
of the untreated enzyme. Additionally, the activation energy
of the treated enzyme 1s much lower than the untreated
enzyme.

Thus, treating the laccase enzyme with nanoparticles
comprising cuprous oxide increases the enzyme activity and
lowers activation energy. Additionally, treating the laccase
enzyme with nanoparticles comprising cuprous oxide
increases the athnity towards the substrate at higher tem-
peratures, such as at 80° C.

B. Thermotolerance and Inactivation Kinetics of Treated
and Untreated

The thermal mactivation of treated and untreated purified
laccase was examined with respect to kinetics. 0.22 mg/ml
of the laccase enzyme purified from £. coli was treated with

0.1 mM concentration of nanoparticles comprising cuprous
oxide. The reaction mixture included 25 mM Trnis-HCI, pH
8.5 and 1 mM of syringaldazine. After adding substrate,
immediate color change from straw yellow to purple con-
firmed the laccase activity. The reaction was monitored at
525 nm. To observe the thermal stability, cuprous oxide
nanoparticle (Cu,O NP) and Cu,O NP untreated purified
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laccase samples were subjected to temperatures between 40
and 80° C. (313-353 K) for up to 10 minutes. Inactivation
parameters comprising half-life (t,,,), decay rate constant

(k) and deactivation energy (Ed) were calculated according
to Ortega et al., (2004) Int. J. Food Sci. Technol. 39,

631-639.

After the pre-incubation, the enzyme activity was deter-
mined by the syringaldazine assay as described previously.
A semi-logarithmic plots of residual activity versus time
(between 40-80° C.) for both cases were linear. The plots
suggested that Cu,O NP untreated laccase was heat 1nacti-
vated with first order kinetics, but the Cu,O NP treated
enzyme was heat activated with first order kinetics. The

half-life (t,,,) values and the deactivation energy (E )
according to the plots (FIG. 2; FIG. 2(a) untreated, FI1G. 2(b)
treated enzyme) and shown 1n Tables 2 and 3 below.

TABLE 2

Variation of kinetic parameters for
untreated laccase within 40-80° C.

Decay Half Life

Pre-Incubation Constant [k] [t),5] E,
Temperature(K) (min—!) (min) (kJ/mol)

313 0.0021 330

323 0.0179 38.72

333 0.0297 23.33 -47.532

343 0.061 11.36

353 0.8%81 7.86

TABLE 3

Variation of kinetic parameters for treated laccase within 40-80° C.

Decay Half Life
Pre-Incubation Constant[k] [t1/2] E,
Temperature(K) (min™) (min) (kJ/mol)
313 0.0115 60
323 0.0078 88.85
333 0.0038 182.27 36.132 £ 0.325
343 0.0033 210
353 0.0021 330

Based on the results 1n Tables 2 and 3, 1t 1s shown that the
addition of nanoparticle comprising cuprous oxide increases
the half-life of laccase enzyme and also increases the deac-
tivation energy (E ) compared to untreated enzyme at a
temperature of 80° C.

C. Optimum Temperature and pH of Treated and
Untreated Laccase Enzyme with Nanoparticles Comprising,
Cuprous Oxide

To measure the optimum temperature of both the treated
and untreated laccase enzyme, 1n one testing condition, the
treated and untreated enzyme was held at different tempera-
tures ranging from 30° C. to 100° C. ({or treated enzyme)
and 20° C. to 100° C. (for the untreated enzyme) for 10
minutes. After 10 minutes, enzyme activity was determined
by the syringaldazine assay, as previously described. The
reaction was monitored at 525 nm. The activity of the
enzyme relative to the highest activity, which was given a
value of 100 (relative activity of the enzyme) was plotted
against different temperatures and 1s shown in FIG. 3(a)
treated, and FIG. 3(b) untreated enzyme.

The laccase enzyme treated with nanoparticles compris-
ing cuprous oxide retaimned at least 50% of the relative
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activity over a wider range of temperatures 30° C.-90° C. as
compared to the untreated enzyme. The untreated enzyme
retained at least 50% of 1ts activity over a narrow range of
temperatures of 20°-70° C. Additionally, the treated enzyme
showed the highest activity at 80° C. while the untreated
enzyme showed the highest activity at 50° C. Thus, the
treated enzyme worked better at a higher temperature com-
pared to the untreated enzyme.

To determine an optimal pH, a sample of the treated and

.

untreated enzyme was placed 1n a bufller having pH ranging

from 3-12. The reaction mixture was not supplemented with

external copper 1on. Enzyme activity was determined to

measure optimum pH by the syringaldazine assay, as pre-
viously described. The reaction was monitored at 525 nm.

The activity of the enzyme relative to the highest activity,
which was given a value of 100 (relative activity of the
enzyme) was plotted against different temperatures and 1s
shown 1n FIG. 4(a) treated, and 4(b) untreated enzyme.

The laccase enzyme treated with nanoparticles compris-
ing cuprous oxide retained at least 50% of the relative
activity over a wider range of pH 4-12 as compared to the
pH range of 7-10 for the untreated enzyme.

Example 5

Comparison of Laccase Enzyme Activity with and

without the Nanoparticles Comprising Cuprous
Oxide

A. Enhancement of Laccase Activity by Nanoparticles
Comprising Cuprous Oxide

Purified laccase enzyme was incubated with syrin-
galdazine substrate and varying concentrations of cuprous
oxide nanoparticle in a reaction mixture without supplemen-
tation with external copper 10on. The reaction was monitored
at 525 nm. The laccase enzyme treated with nanoparticle
comprising cuprous oxide in the absence of cuprous 1on 1n
builer showed significantly higher activity than only cuprous
ion supplemented enzyme without nanoparticle. Moreover,
laccase enzyme treated with nanoparticle comprising
cuprous oxide showed higher activity than laccase enzyme
treated with both cuprous 10n (in bufler) and nanoparticle.

B. Nanoparticle Supplementation Promotes Retention of
Laccase Activity

The alteration (1f any) in enzyme activity with time, 1n the
presence or absence of nanoparticles, was examined via time
kinetics. Laccase activities were measured by the syrin-
galdazine method for a total duration of two hours after
incubation with substrate at 50° C. The reaction mixture
included 0.22 mg/ml of the laccase enzyme, 1 mM of
syringaldazine, with or without 0.1 mM nanoparticles com-
prising cuprous oxide. It was observed that enzyme without
nanoparticle treatment showed optimum activity at 15 min-
utes, after which the activity decreased with time. However,
nanoparticle treated enzyme retained activity for longer
period of time (FIG. 5(a) treated, 5(b) untreated).

C. Nanoparticle Supplementation Improves Temperature
Tolerance of Laccase Enzyme and Enhances its Activity

The temperature dependence of laccase activity was
assessed 1n the presence and absence of nanoparticle com-
prising cuprous oxide. Samples were incubated for three
hours at various temperatures before measuring the enzyme
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activity. It was found that at 80° C. the nanoparticle treated
enzyme demonstrated approximately three times the activity
of untreated enzyme (FI1G. 3). Moreover, the treated enzyme
incubated at 80° C. for two hours showed much more
activity than both treated and untreated enzymes incubated
at 50° C. for 2 hours (FIG. 3). The reaction mixture included
0.22 mg/ml of the laccase enzyme, 1 mM of syringaldazine,
with or without 0.1 mM nanoparticles comprising cuprous
oxide.

D. Nanoparticle Decolorization of Dye 1s Improved with
Treated Laccase Enzyme

Phenolic (bromophenol blue) and azo dyes (congo red,
cotton blue, malachite green, methyl orange) were treated
with 1 ml of 0.22 mg/ml of purified laccase enzyme treated
or untreated with nanoparticle comprising cuprous oxide
(Cu,O NP). In case of the laccase enzyme not treated with
nanoparticles comprising cuprous oxide, the laccase enzyme
1s purified from bacterial culture media supplemented with
0.18 mM CuSO, to which 1t 1s secreted. In case of the
laccase enzyme treated with nanoparticles comprising
cuprous oxide, 0.22 mg/ml of the enzyme was treated with
0.1 mM of nanoparticles comprising cuprous oxide for 90
minutes at 50° C. These dyes were incubated with laccase at
50° C. and 80° C. for 90 minutes 1n the presence and absence
of nanoparticle comprising cuprous oxide. At 10 minutes
intervals the corresponding absorbance were taken for each
sample to monitor the decolorization. For cotton blue,
bromophenol blue and congo red, the decolorization efiect
was very prominent after 90 minutes. There was a decrease
of absorbance with increasing time at 50° C. (FIGS. 6(a)-(e);
dotted line represents no enzyme control; dashed line indi-
cates untreated enzyme and solid line indicates treated
enzyme). FIG. 7 shows the activity of treated and untreated
enzyme an 80° C. At 80° C. i the absence of Cu,O NP,
untreated laccase 1s unable to decolorize these dyes; how-
ever, 1n presence ol Cu,O NP, at 80° C. laccase decolornized
these dyes faster than Cu,O NP treated laccase at 50° C.
(FIGS. 7(a)-(d); dashed line represents untreated enzyme;
solid line represents treated enzyme). In the presence of
Cu,O NP, laccase can act faster than the untreated enzyme
at both 50° C. and 80° C. The reaction mixture included 0.22
mg/ml of the laccase enzyme, 1 mM of syringaldazine, with
or without 0.1 mM nanoparticles comprising cuprous oxide.

FIG. 8 shows the activity of nanoparticle-treated enzyme
on dye 1n solution. The changes 1n color for bromophenol
blue and congo red were very prominent after 90 minutes
(FIG. 8).

E. Nanoparticle Supplementation Improves Detergent
Tolerance of Laccase Enzyme

The eflect of detergent Triton-X100 (obtained from Sigma
Chemical Co., St. Louis, Mo.) on Laccase enzyme activity
was assessed 1n the presence and absence of nanoparticles.
A series of samples were prepared, each including 0.22
mg/ml of the laccase enzyme, 1 mM of syringaldazine, and
0.1 mM nanoparticles that included cuprous oxide. Diflerent
concentrations of the detergent (0 wt %, 0.5 wt %, 1.0 wt %,
1.5 wt % and 2.0 wt %) were added to each of the samples,
and the samples were incubated at 50° C. for 1 hour. The
same samples were also prepared but without the nanopar-
ticles.

FIG. 11 shows the activity of the nanoparticle treated
laccase enzyme (represented by graph with square shaped
symbol) and the untreated Laccase enzyme (represented by
graph with diamond shaped symbol) against increasing
concentrations of the detergent. It was observed that at 1.5
wt % concentration of the detergent, the fall in relative
activity of the untreated enzyme was 74.8%, while the
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relative decrease 1n activity of the nanoparticle treated
enzyme was only 22.2%. Hence, the nanoparticle treated
Laccase enzyme retained 1ts activity 1n the presence of the
detergent better than the untreated enzyme, making 1t sub-
stantially detergent tolerant.

Example 6

Enhancement of Laccase Activity in Presence of
Copper Sulfate, Magnesium Chloride, Manganese
Chlonde, Calcium Chloride, and Cobalt Chloride

Copper sulfate, magnesium chloride, manganese chloride,
calctum chloride, cobalt chloride, ferric chloride, sodium
fluoride, or sodium cyanide were added to a builer compris-
ing 1 mM syringaldazine substrate; 25 mM Tris-HCI, pH 8.5
to a final concentration of 1 mM. The immediate color
change from straw yellow to dark pink or violet was
measured by spectrophotometer at 525 nm.

The relative laccase activity with respect to a control was
measured 1n the presence of various salts and plotted. The
enzyme activity was stimulated by the divalent cations Cu**,
Mn* *and Mg>*. The control reaction comprised 1 mM
syringaldazine substrate; 25 mM Trns-HCI, pH 8.5, 0.22
mg/ml of purified laccase enzyme. The activity of laccase
was 1increased up to 20%, 15% and 10% 1n presence of
copper, magnesium and manganese 1ons, respectively. Cal-
cium 10n also slightly activated the enzyme activity by 3%.
Inhibition of enzyme activity was observed 1n presence of
EDTA (42%). In the presence of Fe’*, NaFF and NaCN,
enzyme activity was reduced by 97%, 98% and 100%
respectively (FIG. 10).

Example 7

Comparison of Laccase Enzyme Activity with and
without the Nanoparticles Comprising Magnesium

Chloride, Manganese Chloride, Calcium Chloride,
and Cobalt Chloride

Enhancement of Laccase Activity

Purified laccase enzyme 1s incubated with syringaldazine
substrate and varying concentrations of nanoparticle com-
prising magnesium chloride, manganese chloride, or cal-
cium chloride 1n a reaction mixture without supplementation
with external magnesium chloride, manganese chloride,
calcium chloride, or cobalt chloride. The reaction 1s moni-
tored at 525 nm. The laccase enzyme 1s treated with nano-
particle comprising magnesium chloride, manganese chlo-
ride, or calcium chloride in the absence of magnesium,
manganese, or calctum ions in buller shows sigmificantly
higher activity than only magnesium, manganese, or calctum
ion supplemented enzyme without nanoparticles.

Temperature Tolerance

At 80° C., the activity of laccase enzyme with nanopar-
ticle comprising magnesium chloride, manganese chloride,
or calcium chlonide 1s significantly higher than the activity
ol untreated enzyme.

pH Dependency

Additionally, the laccase enzyme with nanoparticle com-
prising magnesium chloride, manganese chloride, or cal-
cium chlonde retains 1ts activity over a wider range of pH
4-12 as compared to the pH range of 7-10 for the untreated
enzyme.
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Example 8

Application of Laccase Enzyme Activity with
Nanoparticles Comprising Cuprous Oxide for
Bio-Bleaching of Ramie Fiber 5

A piece of ramie fibre of 10 grams was incubated 1n 500
ml of laccase secreting £. coli culture medium for 24 hours
in presence or absence of nanoparticles comprising cuprous
oxide and examined for the degree of bleaching/decoloriza- 10
tion at room temperature.

The ramie fiber was bleached more extensively by the
laccase enzyme in presence ol nanoparticles comprising

cuprous oxide than 1n absence of the nanoparticles. (FIG. 9).
15

EQUIVALENTS

While certain embodiments have been illustrated and
described, 1t should be understood that changes and modi-
fications can be made therein 1n accordance with ordinary 20
skill 1n the art without departing from the technology 1n 1ts
broader aspects as defined 1n the following claims.

The present disclosure 1s not to be limited 1n terms of the
particular embodiments described 1n this application. Many
modifications and variations can be made without departing 25
from 1ts spirit and scope, as will be apparent to those skilled
in the art. Functionally equivalent methods and apparatuses
within the scope of the disclosure, in addition to those
enumerated herein, will be apparent to those skilled 1n the art
from the foregoing descriptions. Such modifications and 30
variations are intended to fall within the scope of the
appended claims. The present disclosure 1s to be limited only
by the terms of the appended claims, along with the full
scope of equivalents to which such claims are entitled. It 1s
to be understood that this disclosure 1s not limited to 35
particular methods, reagents, compounds compositions or
biological systems, which can, of course, vary. It 1s also to
be understood that the terminology used herein 1s for the
purpose ol describing particular embodiments only, and 1s
not intended to be limiting. 40

In addition, where features or aspects of the disclosure are
described 1n terms of Markush groups, those skilled in the
art will recognize that the disclosure 1s also thereby
described 1n terms of any individual member or subgroup of
members of the Markush group. 45

As will be understood by one skilled 1n the art, for any and
all purposes, particularly i terms of providing a written
description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges
thereol. Any listed range can be easily recognized as sufli- 50
ciently describing and enabling the same range being broken
down into at least equal halves, thirds, quarters, fifths,
tenths, etc. As a non-limiting example, each range discussed
herein can be readily broken down into a lower third, middle
third and upper third, etc. As will also be understood by one 55
skilled in the art all language such as “up to,” “at least,”
“oreater than,” “less than,” and the like include the number
recited and refer to ranges which can be subsequently
broken down into subranges as discussed above. Finally, as
will be understood by one skilled 1n the art, a range includes 60
cach imdividual member. Thus, for example, a group having
1-3 atoms refers to groups having 1, 2, or 3 atoms. Similarly,

a group having 1-5 atoms refers to groups having 1, 2, 3, 4,
or S5 atoms, and so forth.

While various aspects and embodiments have been dis- 65
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. The various aspects and
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embodiments disclosed herein are for purposes of illustra-
tion and are not intended to be limiting, with the true scope
and spirit being indicated by the following claims.

What 1s claimed:

1. A composition comprising:

at least one nanoparticle comprising cuprous oxide; and

at least one purified laccase enzyme 1n contact with the
nanoparticle comprising cuprous oxide, wherein the
enzyme 1s not immobilized on the nanoparticle.

2. The composition of claim 1, wherein the nanoparticle

has a diameter of about 50 nm to about 200 nm.

3. The composition of claim 1, wherein the enzyme 1s a
Pseudomonas marginalis, Azospivillum lipoferum, Strepto-
myces sp., Rhus vernicifera, Mycobacterium tuberculosis,
Escherichia coli, Caulobacter crescentus, Pseudomonas
syringae, Bordetella pertussis, Xanthomonas campestris,
Pseudomonas  aeruginosa,  Mycobacterium  avium,
Pseudomonas putida, Rhodobacter capsulatus, Yersinia pes-
tis, Campylobacter jejuni, Aquifex aeolicus, Physisporinus
rivulosus, Melanocarpus albomyces, Agaricus blazei, Tram-
etes versicolor, Pycnoporus sanguineus, or Basidiomycota
Sp. enzyme.

4. The composition of claim 1, wherein the enzyme in the
composition has one or more of the following characteris-
tics:

an increased activity as compared to the same enzyme that
1s not 1 contact with the nanoparticle comprising
cuprous oxide;

an increased activity towards syrilgaldazine;

1s more thermostable as compared to the same enzyme
that 1s not 1n contact with the nanoparticle comprising
cuprous oxide.

5. The composition of claim 1, wherein the enzyme 1n the
composition has one or more of the following characteris-
tics:

an increased activity at a temperature of about 70° C. to
about 100° C. as compared to the same enzyme that 1s
not 1n contact with the nanoparticle comprising cuprous
oxide;

an increased activity at a temperature of about 70° C. to
about 100° C. and 1s more thermostable as compared to
the same enzyme that 1s not in contact with the nano-
particle comprising cuprous oxide;

a longer half-life as compared to the same enzyme that 1s
not 1n contact with the nanoparticle comprising cuprous
oxide:

a decreased pH dependency as compared to the same
enzyme that 1s not i contact with the nanoparticle
comprising cuprous oxide;

1s more detergent tolerant as compared to the same
enzyme that 1s not in contact with the nanoparticle
comprising cuprous oxide.

6. The composition of claam 1, wherein the enzyme

comprises a recombinant enzyme.

7. The composition of claim 6, wherein the recombinant
enzyme comprises a peptide tag.

8. The composition of claim 7, wherein the peptide tag 1s
selected from the group consisting of a (His), tag, a gluta-
thione-S-transierase tag (GST), a MYC tag, and an influenza
protein haemagglutinin (HA) tag.

9. The composition of claim 1, wheremn the laccase 1s
purified from Pseudomonas marginalis.

10. The composition of claim 1, wherein the laccase 1s
purified from Escherichia coli.
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11. A method of making a stabilized enzyme composition,
the method comprising:

combining;:

at least one nanoparticle comprising cuprous oxide; and

a purified laccase enzyme;

to form a mixture, wherein the enzyme 1s 1n contact with

the nanoparticle comprising cuprous oxide, and
wherein the enzyme 1s not immobilized on the nano-
particle.

12. The method of claim 11, wherein combining the
enzyme and at least one nanoparticle comprising cuprous
oxide 1s carried out at 50° C.

13. The method of claam 11, wherein combining the
enzyme and at least one nanoparticle comprising cuprous
oxide 1s carried out at 80° C.

14. The method of claam 11, wherein combining the
enzyme and at least one nanoparticle comprising cuprous
oxide 1s carried out at pH between 3-12.

15. A method of treating a substrate, the method com-
prising:

contacting the substrate with a composition comprising:

at least one of nanoparticles comprising cuprous oxide;

and

a purified laccase enzyme;

under conditions 1n which the enzyme 1s in contact with

the nanoparticle comprising cuprous oxide, and the
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substrate, wherein the enzyme 1s not immobilized on
the nanoparticle.

16. The method of claim 15, wherein the contacting 1s
carried out at a temperature of about 30° C. to about 80° C.

17. The method of claam 15, wherein the contacting 1s
carried out at a pH of about 3 to about 12.

18. The method of claim 15, wherein the contacting 1s
carried out at a pH of about 9.

19. The method of claim 15, wherein the contacting 1s
carried out from about 10 minutes to about 120 minutes.

20. The method of claim 15, wherein the substrate com-
prises a phenolic hydroxyl group.

21. The method of claim 15, wherein the substrate com-
prises a textile, wool, biocomposite, wastewater, paper,
wood pulp, soil, animal feed, food, beverage, herbicide,
pesticide, dye, pigment or combinations thereof.

22. The method of claim 15, wherein the substrate com-
prises wood pulp comprising lignin.

23. The method of claim 15, wherein contacting the
substrate with the composition results in color reduction or
decolorization of the substrate.

24. The method of claim 135, wherein contacting the
substrate with the composition results 1 reduction or

removal ol brownming or haze from the substrate.
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